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We examine the prospects for detecting supernova νe in JUNO, RENO-50, LENA, or other ap-
proved or proposed large liquid scintillator detectors. The main detection channels for supernova
νe in a liquid scintillator are its elastic scattering with electrons and its charged-current interaction
with the 12C nucleus. In existing scintillator detectors, the numbers of events from these interac-
tions are too small to be very useful. However, at the 20-kton scale planned for the new detectors,
these channels become powerful tools for probing the νe emission. We find that the νe spectrum
can be well measured, to better than ∼ 40% precision for the total energy and better than ∼ 25%
precision for the average energy. This is adequate to distinguish even close average energies, e.g.,
11 MeV and 14 MeV, which will test the predictions of supernova models. In addition, it will help
set constraints on neutrino mixing effects in supernovae by testing non-thermal spectra. Without
such large liquid scintillator detectors (or Super-Kamiokande with added gadolinium, which has
similar capabilities), supernova νe will be measured poorly, holding back progress on understanding
supernovae, neutrinos, and possible new physics.
I. INTRODUCTION
If a core-collapse supernova in the Milky Way appears
soon, will the neutrino detectors be ready? Yes, in the
sense that the supernova will not be missed, as there
are many independent detectors. But would this data
be complete enough to answer pressing questions? The
answer is no, because not all flavors of neutrinos and
antineutrinos will be measured well. We might have to
wait a few decades more to get the answers.
Only with all six flavors — expected to be emitted with
comparable total energies, but with different spectra and
time profiles — can we measure the combined neutrino
emission, which reveals the change in gravitational bind-
ing energy of the stellar core as well as the effects of any
novel energy-loss processes [1, 2]. And only with all six
flavors can we test how this energy is apportioned, which
reveals the density and neutron-to-proton ratio of the col-
lapsing core as well as the effects of neutrino mixing in
extreme conditions [3–5].
The Super-Kamiokande detector will detect ν¯e with
∼ 104 events, and will be able to reconstruct its spectrum
precisely due to the tight connection between observable
energy and neutrino energy in ν¯e + p → e+ + n inter-
actions with free protons [6, 7]. The IceCube detector,
though it cannot measure individual events or spectra,
will measure the time profile of the ν¯e flux to high pre-
cision [8]. The utility of these precise measurements is
limited by how well the other flavors can be measured.
The spectra and time profiles of νµ, ντ , ν¯µ, and ν¯τ —
generically called νx — are expected to be very similar
to each other, which considerably simplifies the detection
problem. These flavors can be measured reasonably well,
with ∼ 102 events, in scintillator detectors (KamLAND,
Borexino, and soon SNO+) through the ν + p → ν + p
channel, which has good spectral fidelity for the high-
energy part of the spectrum [9, 10].
The missing link is sufficient sensitivity to νe. Inter-
actions with electrons are suppressed by the small elec-
tron mass, and interactions with neutrons are suppressed
by nuclear binding effects. Though Super-Kamiokande
would have ∼ 102 events caused by νe, it is difficult to
isolate these from other channels, and no other existing
detectors would have appreciable numbers of events.
In a previous paper by two of us, we showed how
this situation could be significantly improved if Super-
Kamiokande adds dissolved gadolinium to enable neutron
detection [11]. This would lead to clean identification of
the dominant ν¯e + p → e+ + n events, making it easier
to separate the νe events on electrons and nuclei. We
showed that the total energy emitted in νe and their av-
erage energy could each be measured to ∼ 20% precision.
Here we examine how well νe could be measured in
large liquid scintillator detectors — those that are com-
parable to the size of Super-Kamiokande and more than
an order of magnitude larger than existing scintillator de-
tectors. The JUNO (also known as Daya Bay II) [12, 13]
detector is already approved, and the RENO-50 [14],
LENA [15] detectors are under consideration. These de-
tectors would have yields of ν¯e + p → e+ + n events
comparable to that of Super-Kamiokande. Importantly,
they would have much larger yields of ν + p → ν + p
events than existing detectors. Most importantly, they
would have newly powerful sensitivity to νe through in-
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2teractions with electrons and nuclei. Our presentation
below closely follows that of Ref. [11], to make it easier
to compare results, but fewer details are given here.
In Sec. II, we describe how supernova νe can be de-
tected in liquid scintillator detectors. In Sec. III, we esti-
mate how well the parameters of the incident νe spectrum
can be determined. We conclude in Sec. IV.
II. SUPERNOVA NEUTRINO DETECTION
We discuss the neutrino spectra expected from a su-
pernova, the neutrino detection channels in liquid scin-
tillator detectors, the likely experimental realities of large
liquid scintillator detectors, and our proposed strategies
to isolate νe.
A. Supernova Neutrino Spectra
We assume that the total energy in neutrinos emitted
by the supernova is 3× 1053 erg and that this is equally
divided between all six active flavors of neutrinos and
antineutrinos. We take the distance to a typical Milky
Way supernova to be 10 kpc [16].
For the spectra, we assume a (normalized) modified
Maxwell-Boltzmann form [17, 18]
f(Eν) =
128
3
E3ν
〈Eν〉4 exp
(
− 4Eν〈Eν〉
)
, (1)
where Eν and 〈Eν〉 are the neutrino energy and aver-
age energy. Compared to a regular Maxwell-Boltzmann
form, this has somewhat fewer neutrinos at high energies,
so our choice is conservative. Typical average energies
for the initial neutrino spectra from numerical supernova
models are 〈Eνe〉 ≈ 11 – 12 MeV, 〈Eν¯e〉 ≈ 14 – 15 MeV,
and 〈Eνx〉 ≈ 15 – 18 MeV.
Due to neutrino mixing in the supernova [3–5, 19–31]
or in the Earth [32–35], the νe (or ν¯e) spectrum could
be modified (effectively made hotter) by mixing. As in
Ref. [11], we focus on scenarios where the expected tem-
perature hierarchy occurs and where we seek to deter-
mine if the νe spectrum is affected by mixing or not;
other scenarios can be tested separately.
B. Detectable Neutrino Interactions
The neutrino detection channels in a liquid scintillator
detector are listed in [15, 36–39]. Liquid scintillator de-
tectors can detect electrons, positrons, photons and non-
relativistic protons with near-perfect efficiency above a
low energy threshold. The detectable energy of a positron
is its kinetic energy plus the energy deposited during an-
nihilation, 2me, whereas the detachable energy for an
electron is just its kinetic energy. Due to the large num-
ber of photoelectrons produced per MeV, the energy and
position resolution is excellent. Neutrons can be detected
with high efficiency via their radiative captures on pro-
tons and (rarely) carbon, as discussed below.
Electron antineutrinos ν¯e can be detected via the in-
verse beta interaction with free protons, ν¯e + p →
e+ + n [6, 7]. The 2.2 MeV photon that results from
neutron capture on protons is routinely detected in liq-
uid scintillator detectors like KamLAND [40], Double
Chooz [41], Daya-Bay [42], and RENO [43]. The double
coincidence signal of e+ and n means that these events
can be individually identified. In water Cherenkov detec-
tor like Super-Kamiokande, Gadolinium loading would be
required to unambiguously detect this interaction [44].
For the elastic scattering of neutrinos on electrons, we
follow the discussion in [11], with the important differ-
ence that liquid scintillator detectors have no direction-
ality. The angular cut that can be employed in wa-
ter Cherenkov detectors to suppress backgrounds is not
available in liquid scintillator detectors.
All flavors of neutrinos elastically free protons via the
neutral-current interaction. The recoil energy of the
scattered proton varies from zero to a maximum value
that depends on the square of the incident neutrino en-
ergy [9, 10]. To account for quenching of the proton
energy, we have taken the Birk’s constant to be 0.01
cm/MeV, an indicative value that is similar to the mea-
surements in [45]. The quenching factor in the detector
will depend on the scintillator properties. Due to the
threshold of a liquid scintillator detector during super-
nova burst (∼ 0.2 MeV), this interaction is only sensitive
to the neutrino flavors with the highest average ener-
gies [9, 10], and the proton recoil spectrum can be used
to reconstruct this neutrino spectrum [10].
There are also important interactions of neutrinos with
carbon nuclei. Neutrinos interactions via neutral current
can also excite the Jpi, T = 1+, 1 state in 12C, which then
decays spontaneously to the ground state via the emission
of a 15.11 MeV gamma-ray photon [46–51]. Electron
neutrinos νe interact with
12C to produce unstable 12Ng.s.
in its ground state:
νe +
12C → 12Ng.s. + e− . (2)
The 12Ng.s. decays with a half-life of 11 msec:
12Ng.s. → 12C + e+ + νe . (3)
The maximum kinetic energy of the positron from the
12Ng.s. decay is ≈ 16.8 MeV. Similarly, electron antineu-
trinos ν¯e interact with
12C to produce unstable 12Bg.s.:
ν¯e +
12C → 12Bg.s. + e+ . (4)
The 12Bg.s. nuclei decays with a half-life of 20.2 msec:
12Bg.s. → 12C + e− + ν¯e . (5)
The maximum kinetic energy of the electron from the
12Bg.s. decay is ≈ 12.9 MeV. Both types of charged-
currrent events can be identified by the time and space
3coincidence of the scattering followed by a decay, though
it is difficult to distinguish the two channels. The cross
section of the νe on
12C in the relevant energy range has
been measured by the LSND collaboration [52] and is in
good agreement with theoretical calculations [46–51], as
expected because these cross sections depend primarily
on the measured 12Ng.s. and
12Bg.s. lifetimes. For these
interactions, we use the cross sections tabulated in [46].
In Borexino and Double Chooz, it has been shown that
positrons can be separated from electrons via pulse shape
discrimination, due to the deposited annihilation energy
of the positron [53–56]. The positron is detected via
its annihilation energy after ortho-positronium formation
(fraction ∼ 45%), as this state has a long enough lifetime
for detection with present technology. Although this has
not yet been demonstrated in KamLAND, it is expected
that future large liquid scintillator detectors will have this
capability. Para-positronium has a lifetime which is three
orders of magnitude shorter than ortho-positronium [56],
so it is unrealistic to assume that there will be perfect
separation of positrons from electrons. However, even
with perfect separation, the contours we calculate below
would only improve by a factor of ∼ √2.
There are also neutrino interactions with 12C that are
inelastic in the sense of emitted final-state nucleons; we
neglect such channels. The neutral-current interaction
can cause ν + 12C → ν′ + p + 11B. The total num-
ber of interactions in a 20 kton detector varies from 3 to
31 for neutrino average energies of 12 MeV to 18 MeV.
Although the proton recoil spectrum for this interaction
extends to a higher energy than due to neutrino-proton
scattering [39], it will be difficult to detect them due to
the low number of events. Charged-current interactions
can lead to particle-unbound excited states of 12N and
12B [57]. The largest yields are from νe +
12C → e− + p
+ 11C and ν¯e +
12C→ e+ + n + 11B. Compared to inter-
actions to the ground states, the number of interactions
in a 20 kton liquid scintillator detector is between ∼ 10%
and ∼ 40%, for incoming neutrino average energies of 12
MeV to 18 MeV respectively. It may be possible to tag
the νe events by the decays of
11C, as has been demon-
strated in Borexino [55]. The ν¯e events will be hidden by
the large yield of inverse beta interaction on free protons.
Liquid scintillator detectors are also sensitive to neu-
trino interactions on rare 13C [58, 59]. For νe, there is a
low threshold of 2.2 MeV, and transitions to the ground
and 3.5 MeV excited state of 13C are important. Using
the cross sections calculated in [59], we find that the num-
ber of interactions expected in a 20 kton liquid scintillator
detector is ∼ 10 – 20, depending on the neutrino aver-
age energy. Elaborate consideration of the background
is needed to discover this signal [58]. Due to the small
number of events, we neglect it.
C. Detector properties
Large liquid scintillator detectors are being planned for
a variety of physics reasons. These include determination
of the neutrino mass hierarchy, precision measurement
of neutrino parameters, detection of supernova neutri-
nos, solar neutrinos, geoneutrinos, sterile neutrinos, at-
mospheric neutrinos, nucleon decay, and many other ex-
otic searches [12–15, 37, 60–65].
Due to its main design goal of detecting the neutrino
mass hierarchy, a detector like JUNO [12, 13] or RENO-
50 [14] has very specific features. JUNO will have an
inner volume of 20 kton and RENO-50 is being designed
to have an inner volume of 18 kton. We assume that
the fiducial volume is 20 kton for supernova detection.
Although the fiducial volume of both the detectors will
be somewhat smaller than the inner volume, due to the
short duration and lower backgrounds during a supernova
burst, the fiducial volume during a supernova neutrino
search can be almost as large as the inner volume. LENA
will have a much larger target mass of liquid scintillator,
∼ 50 kton [15], and so the precision of our results would
improve by a factor of ∼ √2.5 ≈ 1.6.
The JUNO liquid scintillator will be primarily linear
alkyl benzene (C6H5C12H25) [12, 13]. The energy reso-
lution of both JUNO and RENO-50 is expected to be ∼
3%/
√
E/MeV [13]. We neglect the impact of energy res-
olution in this work except in the case of the 15.11 MeV
monochromatic photon. Due to the intrinsic width of the
detectable signals, the effect of the energy resolution can
be neglected otherwise.
JUNO will not have added gadolinium, in order
to achieve lower radioactivity level and higher trans-
parency [12]. In spite of this, JUNO is expected to have a
near-perfect efficiency in detecting neutrons. The mean
lifetime of neutron capture on protons depend on the
scintillator, e.g., it is ∼ 207 µsec in KamLAND [66] and
∼ 260 µsec in Borexino [67]. By using a time cut of
0.5 µsec to 1000 µsec, nearly all neutrons are detected
in KamLAND. Because detector backgrounds can be ne-
glected during the short time of a supernova burst, a long
time cut can be used for neutron detection.
Neutron capture on protons yield a 2.2 MeV gamma-
ray photon. In addition to free protons, about 1% of the
neutrons will also be captured on carbon which yields a
4.9 MeV photon [67]. The width of these monochromatic
photon energies is expected to be 0.044 MeV and 0.066
MeV respectively in JUNO and RENO-50. KamLAND
employs an energy cut of 1.8 MeV – 2.6 MeV to detect
all the neutron capture events on protons [66]. Due to
the superior energy resolution of JUNO, an energy cut of
1.9 MeV – 2.5 MeV will be sufficient. Similarly an energy
cut of 4.5 MeV – 5.3 MeV will help in detecting all the
neutron capture events on carbon.
In a liquid scintillator detector, the spatial cut for neu-
tron capture on protons is mostly driven by the absorp-
tion length of the resulting 2.2 MeV photons and the
vertex resolution [66]. A spatial cut of 1.6 m is used
4in KamLAND to achieve near perfect capture efficiency
from this selection [68, 69]. The position resolution in
JUNO or RENO-50 is expected to be much better and
hence such a spatial will help capture all the neutron cap-
ture events on protons. A different spatial cut is required
to capture all the neutron capture events on carbon and
we expect that these spatial cuts will ensure detection of
all the neutron capture events. The large volume of these
detectors imply that the fraction of neutrons leaking out
will be negligible.
We expect that the overall neutron capture efficiency
in future large liquid scintillator detector to be 100%.
KamLAND already has a ∼ 95% efficiency of neutron
capture on protons in their search for electron antineu-
trino from reactors [70]. A future liquid scintillator
detector like JUNO or RENO-50 will be at a deeper
site [13, 60] and hence will have lower background in-
duced by muons [71, 72]. Since the lifetime of 12Ng.s. is
very different from the neutron capture lifetime on pro-
tons, the impact of neutron detection inefficiency will be
on the constraints from νe + e
− events. We will show
the impact of 90%, 95%, 99% and 100% neutron detec-
tion efficiency on νe + e
− events. Subsequently we will
assume 100% neutron capture efficiency throughout the
work.
The detection threshold is determined by the radioac-
tive background in the liquid scintillator detector and the
surrounding rock. The energy region below ∼ 0.2 MeV
is dominated by β decays of 14C nuclei. Pulse shape dis-
crimination can be used to reduce this background but
it might still be high compared to neutrino interaction
TABLE I. Expected numbers of events in a 20 kton liquid scin-
tillator detector for a Galactic supernova for different values
of the neutrino average energy. The total energy is assumed to
be 3× 1053 erg, divided equally among all flavors, at distance
of 10 kpc. The detection threshold during a burst is assumed
to be Tobs = 0.2 MeV. For neutral current interactions, the
numbers of events are for one flavor of ν or ν¯.
Detection channel 12 MeV 15 MeV 18 MeV
ν¯e + p→ e+ + n 3898 4857 5727
ν + p → ν + p 50 139 236
ν¯ + p → ν¯ + p 50 130 236
νe + e
− → νe + e− 159 160 160
ν¯e + e
− → ν¯e + e− 65 66 67
νx + e
− → νx + e− 26 27 27
ν¯x + e
− → ν¯x + e− 23 23 23
νe +
12C → e− + 12Ng.s. 44 114 214
ν¯e +
12C → e+ + 12Bg.s. 49 107 177
ν + 12C → ν′ + 12C∗ (15.11) 26 60 104
ν¯ + 12C → ν¯′ + 12C∗ (15.11) 24 56 95
rates [73, 74]. The background caused by the α decay of
210Po in the energy range 0.2 – 0.5 MeV can be reduced
to manageable levels [75]. Most of the ν + p elastic scat-
tering events are in the energy range 0.2 – 2 MeV.
The differential rate of the number of neutrino interac-
tions in the different detectable channels are calculated
following the discussion in Ref. [11]. Table I shows the
expected number of events in a liquid scintillator detector
with a fiducial volume of 20 kton when different average
energies of the neutrino flavors are assumed. From the
table, it is clear that νe interactions on electrons are the
largest in number among electron scattering interactions.
The rate of ν + e− scattering events has little dependence
on the average energy of the neutrino spectrum. The
steep energy dependence of the neutrino interactions on
carbon is also evident from this table. These points imply
that we will obtain the best constraint on the νe average
energy by using the double coincidence signal of νe inter-
action on 12C, whereas the electron scattering events will
typically provide a better constraint on the total energy
emitted in that particular flavor.
These signals can be divided into three broad cate-
gories depending on their temporal characteristics. The
elastic scattering of neutrinos with electrons are a single-
signal event in which the final state electron is detected.
The neutral current scattering with the 12C nuclei which
produces the 15.11 MeV monochromatic gamma-ray pho-
ton is also a single-signal event. The inverse beta decay
interaction is a double coincidence signal with a charac-
teristic time of 200µs. The charged current interaction
of νe and ν¯e on
12C is also a double coincidence signal
event in which the emitted charged leptons are separated
by the time given by the half-life of the excited nucleus
which is 11 or 20 msec.
D. Detection Strategy
We assume that the fiducial volume of the detector for
supernova neutrino detection is 20 kton. The detector
backgrounds are negligible above 0.2 MeV during a su-
pernova burst. We closely follow the parameters of the
detector that are described in [13] throughout this work.
It will be important to distinguish between the final
states from νe +
12C and ν¯e +
12C interactions. Pulse
shape distortion produced by positron can be used to dis-
tinguish between these interactions. The resultant nuclei
in these interactions have a half-life of 11 msec and 20
msec, and this time structure can help to distinguish be-
tween these interactions. The slightly different end points
of the positron and electron spectrum from 12Ng.s. and
12Bg.s. can also help. As the ν¯e spectrum will be known
to ∼ 2% precision from the inverse beta interaction, it
can be used to predict the ν¯e +
12C signal.
The left panel in Fig. 1 shows the recoil spectra for
neutrino electron scattering events for νe. The electron
scattering events due to ν¯e and νx are further suppressed
and not shown for clarity (see Ref. [11]). We also show
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FIG. 1. Observed energy distribution in a 20 kton liquid scintillator detector for a Galactic supernova. In both panels, the
total energy carried by each flavor of ν or ν¯ is 5 × 1052 erg. The ranges of the y-axes are different. Left Panel: We assume
〈Eνe〉 = 12 MeV, 〈Eν¯e〉 = 15 MeV and 〈Eνx〉 = 18 MeV. We show the recoil spectrum of electrons in νe + e− elastic scattering
in solid red line. The total recoil spectrum of the protons in ν+p elastic scattering is shown by the dotted blue line. The recoil
spectrum of the positron in the untagged inverse beta interaction is shown by the dotted magenta line, assuming 99% capture
efficiency of neutrons. The monochromatic 15.11 MeV gamma-ray line due to ν + 12C neutral current interaction with 〈Eν〉
= 15.11 MeV is shown in solid black line, including the effects of energy resolution [13] and reduced in height by a factor of
10. Right panel: We show the recoil spectrum of electrons and positrons from νe +
12C and ν¯e +
12C interactions. For both,
the spectra are shown for three values of 〈Eν〉: 12 MeV, 15 MeV and 18 MeV. The electron and positron spectra are shown in
solid red and dotted blue, respectively.
the differential event rate due to ν + p elastic scattering
interactions, which is dominated by νx. We have taken
the average energies of the various neutrino flavors as
〈Eνe〉 = 12 MeV, 〈Eν¯e〉 = 15 MeV, and 〈Eνx〉 = 18 MeV
in this plot. Other than neutrino-proton scattering, no
other single-signal interactions can be reliably detected
below 5 MeV.
In the right panel of Fig. 1, we plot the recoil spec-
tra of the prompt charged lepton due to νe/ ν¯e+
12C
charged current interactions. The resultant nuclei decay
with known lifetimes. We show the recoil spectra of the
resultant electron (positron) from the νe (ν¯e) +
12C in-
teraction for three values of the νe (ν¯e) average energy,
〈E〉 = 12 MeV, 15 MeV, and 18 MeV. The strong de-
pendence of the average energy on these interactions is
clearly visible in this plot.
III. CONSTRAINTS ON SUPERNOVA νe
SPECTRAL PROPERTIES
In this section, we discuss the constraints on νe spec-
tral parameters that can be obtained in a liquid scintilla-
tor detector. We will assume a range of average energies
of the thermal νe spectrum to determine the impact of
neutrino oscillations in determining the νe spectral pa-
rameters. We will also show constraints for non-thermal
νe spectrum.
A. Calculated Detection Spectra
Neutrino oscillations in a supernova occur via MSW
mechanism and collective neutrino mixing. There is
uncertainty in the neutrino spectrum before oscillation.
Predicting the average energies of the neutrino spectrum
after oscillation is difficult due to varying matter density
inside the supernova. To take into account these un-
certainties, we consider two extreme cases of νe average
energies at first. Interpretation of our results on νe av-
erage energy and total energy in terms of the underlying
neutrino parameters and matter potential is complicated
and can be done with least uncertainty after the occur-
rence of a Galactic supernova.
Case (A): 〈Eνe〉 ≈ 12 MeV and 〈Eνx〉 ≈ 15 – 18 MeV.
In this case, there is no mixing between νe and νx and the
hierarchy of average energies due to the late decoupling
of νe is maintained.
Case (B): 〈Eνe〉 ≈ 15 – 18 MeV, one flavor of νx has
an average energy ≈ 12 MeV, and the other flavors of
6νx have an average energy ≈ 15 – 18 MeV. In this case,
neutrino mixing has interchanged the average energy of
νe and one of the νx. This case is easily distinguishable
in a water Cherenkov detector with gadolinium due to
the large number of νe +
16O scattering events [11].
Our initial aim is to constrain the νe spectral properties
for case (A) and case (B). Spectral properties of all other
neutrino flavors can be constrained by other neutrino in-
tereactions: inverse beta interactions will constrain the
ν¯e spectral properties, and ν + p elastic scattering will
constrain the νx spectral properties.
It is evident from Table I that the neutrino + 12C
charged current interactions are very sensitive to the av-
erage energy of the incoming neutrino spectrum. The
strong energy dependence ensures that a strong con-
straint on the average energy of the neutrino spectrum
will be deduced from this interaction. When the aver-
age energy of the neutrino spectrum is low, the number
of neutrino + 12C charged current interactions are low,
and the constraint on the total energy carried by the
neutrino flavor is weak. For higher values of 〈Eνe〉, the
constraints on the total energy carried by νe are stronger
due to larger number of events.
The νe +
12C interactions can be detected with very
high efficiency due to the double coincidence signal.
There is a very small probability that a fully tagged in-
verse beta signal will coincide with the double coincidence
signal of the νe +
12C interaction. The main reason for
this is the factor ∼ 50 difference in the characteristic time
of the two double coincidence signatures (207 µsec v.s. 11
msec). The probability of a neutron capture on proton
from inverse beta interaction to happen after 2 msec of
the prompt positron signal is ∼ 6 × 10−5.
The double coincidence signal of νe +
12C can be con-
fused with the double coincidence signal of ν¯e +
12C un-
less the positrons are tagged efficiently. As mentioned
earlier, positron detection via pulse shape distortion can
be used to distinguish between these two interactions.
Since present technology can only detect those positrons
which annihilate after formation of ortho-positronium,
about 55% of the ν¯e +
12C will pose a background to
the signal from νe +
12C interaction. The factor ∼ 2
difference in the decay times of the metastable nuclei
can be further used to distinguish between these inter-
actions. For conservativeness, we have assumed that all
the ν¯e +
12C interactions will be a background to the
νe +
12C signal. Detection of ∼ 45% will help in a slight
improvement of the constraints on total energy, whereas
the improvement on average energy will be negligible. A
future perfect discrimination of positrons from electrons
can only improve this constraint at most by a factor of
∼ √2.
B. Neutrino Spectral Parameter fit
We have performed the usual χ2 analysis using a Pois-
sonian likelihood function. [76]. We take the systematic
uncertainty on background and signal as 5% and 10%
respectively. The short duration of a supernova burst
means that the background is much less uncertain. The
systematic uncertainty on the background and signal can
only be properly quantified by the experimental collabo-
ration. Due to ∼ 10% uncertainties throughout the work,
we use these values as indicative. We only fit for the νe
spectral parameters as the spectral parameters of other
flavors will be known from measurements in other detec-
tion channels.
We calculate the ∆χ2 of the various best fit values.
We use ∆χ2 = 4.6 for two degrees of freedom to get the
90% C.L. regions. We have made various assumptions of
the order of 10% throughout this work, so the contours
should be understood with about 10% uncertainty.
Since the capture efficiency of neutrons on protons are
unknown, we will show the contours for four different
values of this efficiency: 90%, 95%, 99% and 100%. The
contours obtained from νe + e
− scattering depend quite
strongly on this capture efficiency. This is obvious as
in the absence of neutron tagging, the prompt positrons
from inverse beta interactions form a background to the
search of recoil electrons from νe + e
− scattering.
The detection efficiency of neutrons have a negligible
effect on the contours obtained from νe +
12C scattering.
The double coincidence signal of νe +
12C interaction has
a very different characteristic time compared to the in-
verse beta interaction. The inverse beta interactions with
untagged neutrons are single-signal events and hence will
not be confused with the double-signal event character-
istic of νe +
12C.
We show the likely constraints for case (A) in the left
column of Fig. 2. The best fit parameters in this case are
〈Eνe〉 = 12 MeV and Etotνe = 5 × 1052 erg and is shown by
x. We show the contours for four different values of cap-
ture efficiency of neutrons : 90%, 95%, 99% and 100%.
For this low value of 〈Eνe〉, the constraint on the total
energy from the νe +
12C charged current interaction is
very weak. Due to the absence of directionality, the con-
straint from the νe + e
− elastic scattering is weaker than
the constraint obtained from a water Cherenkov detector.
The joint contour of the two detection channel is similar
to that one can obtain by eye. The total energy carried
by νe can determined to ∼ 40% precision and the aver-
age energy of νe can be determined to ∼ 25% precision
in this case.
When there is oscillation between νe and one of the
flavors of νx, the constraints from νe +
12C charged cur-
rent interactions become strong. These are shown in the
right panel of Fig. 2. The best fit parameters shown by
x are 〈Eνe〉 = 18 MeV and Etotνe = 5 × 1052 erg. The
increase in the average energy hardly increases the num-
ber of events from νe + e
− elastic scattering and hence
the constraints on average energies from this elastic scat-
tering is extremely weak. The large number of νe +
12C
charged current interactions ensure that the constraints
obtained from the double coincidence signal is extremely
strong. In this case, the total energy carried by νe is de-
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FIG. 2. Allowed parameter space (90% C.L. ∆χ2 contours) for the νe spectrum parameters using the νe + e
− and νe + 12C
channels. We do not show the combined constraints which closely follow as would be expected visually. The best fit point in
both the panels are shown by x. The total energy carried by all the neutrino flavors is 5× 1052 erg. In both cases we have closed
contours on the neutrino spectral properties. The four contours for the νe + e
− scattering events are for a neutron detection
efficiency of 90%, 95%, 99% and 100% with decreasing distance from the point marked x respectively. The capture efficiency
of neutrons on proton will not have a large impact on the contour obtained from the νe +
12C interaction. Left Panel: 〈Eνe〉
= 12 MeV and 〈Eνx〉 = 18 MeV. Right Panel: 〈Eνe〉 = 18 MeV, i.e., one of the νx has oscillated into νe.
termined to ∼ 40% precision and the average energy is
determined to ∼ 10% precision.
As is easily seen from the figure, the sharp energy de-
pendence of the νe +
12C interaction will help separate
the two cases when the average neutrino energies are far
apart. This is an important result and it will help us
understand supernova much better. Both the νe + e
−
scattering and the νe +
12C scattering give weak con-
straints on the total energy carried by the νe flavor.
For the joint contours, the stronger constraint on the
〈Eνe〉 is always obtained from the νe + 12C interaction.
The stronger constraint on the Etotνe is generally obtained
from the νe + e
− interaction, unless the 〈Eνe〉 is high
such that there are a large number of νe +
12C interac-
tions. This complementary information carried by both
the interactions should be fully utilized to obtain the best
information from these two important channels for νe de-
tection in liquid scintillator detector.
The part of the neutrino spectrum probed by νe + e
−
elastic scattering and νe +
12C charged current interac-
tion is quite different and is shown in Fig. 3. The de-
tection threshold is taken to be 5 MeV, and hence the
part of the neutrino spectrum probed by νe + e
− and
νe +
12C charged current interaction is & 5.2 MeV and
& 22.5 MeV respectively. The νe + 12C charged current
interaction is only sensitive to higher neutrino energies,
and hence the strong dependence on the neutrino average
energy. A slight change in the neutrino average energy
will change the tail of the spectrum significantly and this
explains the strong constraint on 〈Eνe〉 obtained from the
νe +
12C interaction.
We now discuss cases in which the average energy of
the incoming νe spectrum have less hierarchy. Mod-
ern computer simulations of supernova explosion typi-
cally show a much closer range of the average energy of
neutrinos of different flavors [77], 〈Eνe〉 ≈ 11 MeV, and
〈Eν¯e〉 ≈ 〈Eνx〉 ≈ 14 MeV. In our companion paper [11],
we had taken these values to be 11 MeV and 15 MeV. The
potential better discrimination possible in a large liquid
scintillator detector motivates us to consider this slightly
more challenging situation. Due to the proximity of the
average energies, it is much more difficult to determine
whether νe ↔ νx oscillations have taken place.
We show the 90% joint contours (using both the neu-
trino electron elastic scattering and neutrino carbon
charged current interaction) for this situation in Fig. 4.
The efficiency of neutron detection is taken to be 100%
in this plot. The total energy carried by each neutrino
flavor is taken to be 5× 1052 erg. The strong energy de-
pendence of the neutrino carbon charged current inter-
actions help us separate the two cases of mildly differing
average energies. This will be an important physics mo-
tivation for large liquid scintillator detectors. The height
of both these contours depend on the constraint from νe
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FIG. 3. The neutrino spectrum from a supernova and the
part of the spectrum probed by νe + e
− elastic scattering
and νe +
12C charged current interaction. The neutrino spec-
trum (Eqn. 1) is shown for two different average energies of
12 MeV and 18 MeV in blue and red respectively. The part
of the neutrino spectrum probed by νe + e
− spectrum (> 5.2
MeV) and by νe +
12C charged current interaction (> 22.5
MeV) is shown by vertical lines. We also show a non-thermal
spectrum in dashed black which results from MSW mixing in
the inverted hierarchy due to the two thermal spectra shown
in the figure.
+ e− scattering and the νe + 12C charged current scat-
tering controls the width of these contours. Having a less
than perfect capture efficiency of neutrons will degrade
this constraint on the total energy but will not affect the
separation in the average energies.
C. Non-thermal νe spectrum
As a final illustration of the discriminating power of
large liquid scintillator detectors, we try to reconstruct
the spectral parameters for a non-thermal spectrum of
incoming νe. We only consider MSW oscillations for this
example [3, 78]. Collective oscillations will generally com-
plicate the situation further and a dedicated study is re-
quired for that purpose [5, 79]. The normal hierarchy
scenario in MSW mixing is similar to the ones we consid-
ered earlier in this work: the final νe spectrum emitted
from the supernova is the initial νx spectrum.
In the inverted hierarchy for MSW mixing, the final νe
spectrum is a mixture of the initial νe spectrum (mixing
probability = sin2 θ) and the initial νx spectrum (mix-
ing probability = 1- sin2 θ). If the original νe and νx
average energy is 12 MeV and 18 MeV respectively, then
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FIG. 4. Joint 90% C.L. ∆χ2 contours for νe spectrum param-
eters determined from the νe + e
− and νe + 12C channels. We
distinguish two different cases of νe average energies here, 11
MeV and 14 MeV. The total energy carried by the neutrino
flavor is 5 × 1052 erg.
the final spectrum after MSW mixing is shown by the
black dashed curve in Fig. 3.
The total spectrum is then determined by 4 parame-
ters: the total and average energy carried by the νe and
νx flavor. We can relate the total energies carried by νe
and νx flavor since we will know the total binding energy
of the supernova and the total energy carried by ν¯e (from
inverse beta interactions). This reduces the number of
free parameters to three.
Due to the non-thermal spectrum and the three free
parameters, a complete scan of the parameter space is
complicated and require a dedicated study. We will show
the allowed contours for the initial average energies car-
ried by the νe (〈Eνe〉0) and νx (〈Eνx〉0) flavor assuming
that the total energy carried by the neutrino flavors is 5
× 1052 erg. For a full scan, we have to vary the value of
the total energy carried by the neutrino flavors. We fix it
to a fiducial value here for a simple pedagogical example.
Since the spectrum has a non-linear dependence on the
average energies, we only show the constraints on 〈Eνe〉0
and 〈Eνx〉0 in Fig. 5. The best fit point, shown by x, is
given by 〈Eνe〉0 = 12 MeV and 〈Eνx〉0 = 18 MeV. The
rectangle encloses the range 10 MeV ≤ 〈Eνe〉0 ≤ 15 MeV,
and 10 MeV ≤ 〈Eνx〉0 ≤ 20 MeV, which is approximately
the theoretically favored region according to supernova
simulations. The lower part of the rectangle shaded in
red is disfavored as we expect 〈Eνx〉0 > 〈Eνe〉0.
We show the constraint from both νe +
12C and
νe +
16O interaction in a near-future large liquid scintil-
lator detector and gadolinium loaded Super-Kamiokande
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FIG. 5. 90% C.L. ∆χ2 contours for a non-thermal spectrum
of νe in the plane of initial νe and νx average energies. We
take the example of MSW mixing in inverted hierarchy —
the incoming νe spectrum is given by an appropriate mix-
ture of νe and νx spectrum (see black dashed curve in Fig. 3).
We fix the total energy carried by the νe and νx flavor as 5
× 1052 erg. The best fit point for the initial average ener-
gies for νe and νx is given by x. The contour obtained from
the νe +
16O and νe +
12C interaction in gadolinium loaded
Super-Kamiokande and future large liquid scintillator detec-
tor is given by the red dashed line and magenta line respec-
tively. The constraint obtained from νe + e
− scattering in
a gadolinium loaded Super-Kamiokande detector is shown in
dashed green. We have assumed a neutron capture efficiency
of 90% in gadolinium loaded Super-Kamiokande to obtain this
result. The rectangle shows the theoretically expected region
of 〈Eνe〉0 and 〈Eνx〉0. The lower part of the rectangle shaded
in red is excluded since 〈Eνe〉0 > 〈Eνx〉0 in that region, which
is contrary to theoretical expectations.
respectively. We also show the constraint from νe + e
−
interactions in gadolinium loaded Super-Kamiokande de-
tector. We assume that the neutron capture efficiency on
gadolinium in Super-Kamiokande and on protons (and
carbon) in liquid scintillator detector is 90% and 100%
respectively. As is evident from the black dashed curve
in Fig. 3, the non-thermal spectrum at high energies is
mostly due to the flavor with higher average energy. This
explains the nearly horizontal behavior of the contours
for the neutrino nucleus interactions. The constraint on
the flavor with higher average energy is around 10% and
which is approximately equal to the constraint that one
can achieve from ν + p interaction as well. The νe +
e− elastic scattering is nearly independent of the average
energy and hence the constraint from that interaction is
very broad and uninformative.
The constraint obtained from the νe +
16O interac-
tion in gadolinium loaded Super-Kamiokande is slightly
weaker due to the larger number of background events.
In this plot, a contour with a smaller area denotes better
discriminating power. The constrained area is approxi-
mately 46% of the theoretically favored region. Lower-
ing the threshold of the neutrino nucleus interaction will
further improve these constraints. Our results should
encourage the experimentalists to optimise their cuts to
detect νe +
12C interaction in a very efficient manner,
since this interaction will give us the strongest constraint
on the average energies for a non-thermal spectrum.
We can compare the results obtained in the supernova
νe detection in Super-Kamiokande loaded with gadolin-
ium [11] with the results obtained in this work. It is
important to detect supernova neutrinos in many differ-
ent detectors as earth matter effects can be understood
if the detectors are far apart. Detection of neutrinos in
two different detection methods will also improve the re-
liability of the detection. The presence of directionality
in water Cherenkov detectors help in finding the direc-
tion of the Galactic supernova; this is not possible in
a liquid scintillator detector. The charged current neu-
trino interaction on 16O is more uncertain than the cor-
responding interaction on 12C as the latter has been mea-
sured. One advantage for water Cherenkov detectors is
that they can be designed to be a factor of ∼20 larger
than Super-Kamiokande with the current technology and
there is active research in that direction [80]. Having such
a large water Cherenkov detector loaded with gadolinium
will improve the uncertainties of the νe spectral param-
eters by a factor of ∼ 5 [11]. Currently there are no
plans to build a liquid scintillator detector of the size of
Hyper-Kamiokande. Detection of supernova νe in these
two different detectors will involve different systematics
and this will help in improving our knowledge of super-
nova physics.
IV. CONCLUSIONS
Detecting supernova neutrinos is important for astro-
physics and neutrino physics [81–98]. In spite of detect-
ing numerous supernovae via electromagnetic signal, we
still do not completely understand a supernova. One of
the main reasons behind this is that the total energy bud-
get of the supernova is completely dominated by neutri-
nos. The only way to completely understand a supernova
is to detect all flavors of neutrinos emitted by it. No one
type of detection technique is completely efficient in de-
tecting all the supernova neutrino flavors and hence it
is essential to look into various different detector types
to improve our knowledge of supernova neutrinos. It is
important to detect supernova neutrinos in different de-
tectors to increase detectability of the signal as other
detectors might not be working during that short period
of time.
Detection of supernova νe in a gadolinium loaded wa-
ter Cherenkov detector was investigated in [11]. In this
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companion work, we determine the feasibility of detect-
ing supernova νe in near-future large liquid scintillator
detector. The detection technique in these two different
detectors are different and we gain more knowledge in
detecting supernova νe in both these different types of
detectors. The main interactions of νe in a liquid scintil-
lator detector are its elastic scattering with electrons and
charged current interaction with 12C nuclei. The former
interaction is almost independent of the average energy
of the νe flavor, but the later interaction will give us a
precise measure of the average energy of the νe.
As in any supernova neutrino detection technique, the
largest background for the νe detection is the inverse
beta interaction caused by the supernova ν¯e. Neutron
capture on proton and carbon will help reduce this enor-
mous background. The charged current interaction of νe
on 12C nuclei can be distinguished by the double coinci-
dence signal of this interaction. There is a possibility that
this interaction might be confused with charged current
interaction of ν¯e with
12C; identification of positron via
pulse shape distortion and the separation of the events
due to the different decay times of the metastable nuclei
will help in their distinction. It should also be possible to
statistically subtract the ν¯e charged current interaction
as inverse beta interactions will give us a very precise
measure of the ν¯e spectrum. The neutral current inter-
action of neutrinos on 12C will also help in deterring the
total binding energy of the supernova independent of os-
cillation physics.
The main results of this work is shown in Figs. 2, 4 and
5. From Fig. 2, we find that the total energy and the av-
erage energy carried by the νe flavor will be known to .
25% and 40% precision respectively. More importantly,
20 kton liquid scintillator detectors can distinguish be-
tween whether the average energy of νe is 11 MeV or 14
MeV (Fig. 4). This ability to distinguish between differ-
ent νe average energies make liquid scintillator detector
an important tool in understanding supernova. The in-
teresting constraint on the initial average energies of the
νe and νx flavors for a non-thermal spectrum of νe due
to MSW mixing in inverted hierarchy is shown in Fig. 5.
All the constraints presented in this work can poten-
tially be improved by a factor of ∼ √2 if data from two
independent and similar sized detectors like JUNO and
RENO-50 are combined. If a larger detector like LENA
detects supernova neutrinos, then LENA by itself should
improve the presented constraints by a factor of ∼ 1.6.
Supernova νe can be detected with high precision in large
liquid Argon detectors which are not yet built [99, 100].
It is interesting to note that a liquid scintillator detec-
tor can detect all the different flavors of supernova neutri-
nos: ν¯e through inverse beta interaction, νx through the
elastic scattering with protons and νe through its elastic
interaction with electrons and charged current interac-
tion with 12C. Due to the serious interest in large liquid
scintillator detectors [13, 15, 60, 64, 65], it is important
for people to look into the details of supernova neutrino
detection in these detectors. We hope that our work will
encourage the experimentalists to optimize their cuts to
detect the neutrino signal from a Galactic supernova.
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